Purpose: In addition to their expression on pituitary cells, receptors for luteinizing hormone-releasing hormone (LH-RH) are found on most prostate cancer cells. These tumoral LH-RH receptors mediate the direct cytotoxic effects of LH-RH analogs and are potential therapeutic targets. Although pituitary LH-RH receptors are downregulated following prolonged exposure to LH-RH agonists, there is no evidence that tumoral receptors behave in a similar manner. To better characterize expression of tumoral LH-RH receptors, specimens of prostate cancer from various cohorts of patients were analyzed.
and LH-RH agonists have become standard first-line agents in the treatment of advanced prostate cancer. LH-RH agonists mediate their effects through the downregulation of LH-RH receptors in the pituitary gland, leading to an inhibition of the pituitary-gonadal axis and a decrease in androgen synthesis (3) . LH-RH receptors are also expressed directly on the plasma membranes of prostate cancer cells (4) where they have been shown to mediate direct inhibitory effects (5) .
Androgen ablation therapy is effective, but its benefits are transient, lasting a median of 24 months. Once patients develop castration-resistant prostate cancer (CRPC), there are few therapeutic options. Chemotherapy has only recently been shown to improve survival of these patients (6, 7) . There is a great need for additional treatment options. Given the advanced median age of patients with CRPC and the comorbidities that often exist in this population, agents that selectively target tumor cells are urgently required. The development of targeted therapy has stalled in the search for a viable therapeutic target. One such candidate is the LH-RH receptor, which is highly expressed on prostate cancer cells and only minimally found on normal tissues (8) . Although reported expression profiles are encouraging, most existing studies dealt with previously untreated, castration-sensitive prostate cancer specimens. Based on the current treatment algorithms, patients in need of nonhormonal therapy will have already progressed to CRPC. LH-RH receptor expression in CRPC has also been documented but only following surgical castration and antiandrogen therapy (9) . The effect of medical castration with LH-RH agonists on LH-RH receptor expression has not yet been defined. The use of LH-RH agonists results in the downregulation of pituitary LH-RH receptors, and a similar response by tumoral LH-RH receptors could abolish their utility as a therapeutic target in this setting. As a result, there is a need to characterize the expression of tumoral LH-RH receptors following prolonged exposure to LH-RH agonists. In addition, there are little data regarding expression of LH-RH receptors on metastases of prostate cancer. The biology of the metastatic cells can be quite distinct from that of the primary tumor, reflecting the changes required for metastatic potential. Persistent expression of LH-RH receptors on metastatic cells would further support their role as a therapeutic target.
The purpose of this study was to characterize LH-RH receptor expression in prostate cancer specimens, particularly following prolonged exposure to LH-RH agonists. We also describe LH-RH receptor expression in prostate cancer lymph node metastases. Receptor expression was characterized in prostate cancer specimens using immunohistochemistry. Surgical specimens were obtained from patients previously untreated and from patients surgically or medically castrated. These separate cohorts mimic several common clinical scenarios, and these studies will further clarify the expression profile of LH-RH receptors in prostate cancer patients. These findings will also assess the potential of tumoral LH-RH receptors as novel targets for cytotoxic LH-RH analogs that can exploit these receptors to deliver hybridized cytotoxic moieties.
Materials and Methods

Prostate cancer specimens
Prostate cancer tissue was obtained from three cohorts of patients. The untreated cohort was composed of specimens from 47 hormone-naïve patients who underwent curative radical prostatectomy. The neoadjuvant cohort consisted of specimens from 61 patients treated on an institutional protocol with neoadjuvant LH-RH agonist therapy prior to curative radical prostatectomy. The duration of therapy varied, with 15 patients receiving <3 months of therapy, 23 patients receiving 3 to 6 months of therapy, and 23 patients receiving >6 months of therapy. The CRPC cohort consisted of 22 patients with metastatic CRPC who had undergone palliative resection of the prostate for obstructive symptoms. Of these patients, hormonal therapy was surgical castration in 15 patients and medical castration with an LH-RH agonist in 7 patients. In the patients who had undergone surgical castration, a median of 17 months and up to 79 months passed from time of surgical castration to the development of CRPC. In the patients who had undergone medical castration with a LH-RH agonist, a median of 11 months and up to 23 months of therapy had been administered prior to the development of CRPC. Lymph node metastases were obtained from 10 patients who had undergone radical prostatectomy with no prior treatment for their prostate cancer.
Immunohistochemistry
Expression of LH-RH receptors on archived prostate cancer specimens was determined using immunohistochemistry. Immunohistochemical staining was conducted using the Ventana autostainer model Discover XT (Ventana Medical Systems) with an enzyme-labeled biotin streptavidin system and solvent-resistant 3,3 '-diaminobenzidine map kit. LH-RH receptor expression was analyzed using a commercially available primary antibody, mouse anti-human GnRHR (1:200; Genescript). All sections were reviewed by one of two pathologists who were blinded to clinical information, and the intensity of staining was graded from 0 to 3. The highest staining intensity among three cores was used to classify each tumor. The same scoring system was applied to all specimens. Tumor cells were identified based on morphology using conventional light microscopy.
Laser capture microdissection
Laser capture microdissection was done with laser scissors with a PixCell II System (ARCTURUS) according to the manufacturer's instructions. Briefly, laser capture microdissection parameters included a laser power of 80 mW, laser pulse duration of 5.0 ms, and laser spot size of 30 μm in diameter. The IR laser was pulsed over cells of interest on deparaffinized H&E sections (10 μm), and
Translational Relevance
The expression of receptors for luteinizing hormonereleasing hormone (LH-RH) on prostate cancer cells is well described. The behavior of these receptors, particularly following prolonged exposure to LH-RH agonists, is unclear. Pituitary receptors are downregulated in response to LH-RH agonist therapy. Our data show that tumoral LH-RH receptor expression persists despite extended LH-RH agonist treatment. These findings form the basis for the use of cytotoxic LH-RH analogs in advanced prostate cancer. These agents combine an LH-RH agonist with a cytotoxic moiety and exploit LH-RH receptor expression to deliver the cytotoxic agent. One such agent, AN-152, is being studied in women with gynecologic cancers. Our data show persistent LH-RH receptor expression in prostate cancer specimens and support the concept of using cytotoxic LH-RH analogs in the treatment of advanced prostate cancer. approximately 3,000 epithelial cells were collected for each group.
Quantification of LH-RH receptor mRNA
LH-RH receptor mRNA levels were quantified from microdissected prostate cancer cells from patients who had not received systemic therapy. The quantitative measurement of target mRNA was done using a real-time PCR system (Applied Biosystems 7500) according to the manufacturer's instructions. PCR amplifications were carried out with the SYBR Green PCR core reagent (Applied Biosystems) in a total volume of 10 μL, with 1 μL of the reverse transcription products. RNA quantification of LH-RH receptor was assayed with the sense primer, 5′-gcaaatgcacaagcaaaaga-3′ and antisense, 5′-atctttcctccttcccctga-3′. Each gene under each condition was amplified in triplicate. Analysis was carried out using the Applied Biosystems' software program, and the relative expression level was standardized with the expression of 18S as a reference, 5′-ggagagggagcctgagaaac-3′ (forward) and 5′-tcgggagtgggtaatttgc-3′ (reverse). Results were plotted as the mean ± SD from three experiments.
Statistics
Results were reported as means ± SD of at least three experiments. Student's t-test was used for statistical analysis, and the differences between two means with a P value <0.05 were considered significant.
Results
LH-RH receptor expression in prostate cancer specimens
LH-RH receptor expression was characterized by immunohistochemistry on tumor specimens from several cohorts of patients (Fig. 1) . The specimens were obtained from 47 men with previously untreated prostate cancer who underwent prostatectomy. Using immunohistochemistry, LH-RH receptor expression was detected in 95.7% of tested samples, with moderate to strong intensity staining noted in 65.9% (Fig. 2A) . Limited exposure to LH-RH agonist therapy had no significant effect on receptor expression, as noted in specimens from patients who received neoadjuvant LH-RH agonist therapy. These 61 samples were obtained from patients treated with LH-RH agonists prior to radical prostatectomy, and LH-RH receptor expression was noted in 98.4% of these samples, with moderate to strong intensity staining in 68.9% (Fig. 2B) . In tissue specimens obtained from men with metastatic, CRPC, LH-RH receptor expression was consistently detected. Of the 15 men treated initially with surgical castration, all samples expressed the LH-RH receptor and 80% showed moderate to strong intensity (Fig. 2C) . Similarly, in the 7 patients treated with LH-RH agonists long term (for a median of 11 months and up to 23 months), all samples showed LH-RH receptor expression and 85.7% had moderate to strong expression by immunohistochemistry (Fig. 2D) . There was no statistically significant difference between the various cohorts (P = 0.58).
LH-RH receptor mRNA expression correlates with Gleason score
LH-RH receptor mRNA was quantified using real-time PCR from microdissected prostate cancer cells from untreated patients. The relative expression of mRNA for the LH-RH receptor was greater in patients whose tumor had received a Gleason score ≤7 as compared with those >7 (Fig. 3) . The low Gleason group had a median mRNA level of 12,052.3 compared with 6,570.7 (P = 0.0058) in the high Gleason group. Both sets were standardized with the expression of 18S.
LH-RH receptor expression in lymph node metastases of prostate cancer
Samples from men with previously untreated prostate cancer involving regional lymph nodes were subjected to LH-RH receptor analysis. Lymph nodes from 10 patients were obtained, and all 10 expressed LH-RH receptors with moderate to strong intensity (Fig. 4) . When tissue from the primary tumor was available for comparison, LH-RH receptor expression in the lymph node metastases was as strong as or stronger than the expression in the primary tumor.
Discussion
The evolving paradigm of personalized medicine and targeted cancer therapy has had significant clinical impact on medical oncology, although the treatment of prostate cancer has not derived much benefit from this strategy. This is a clear unmet need, given the prevalence of prostate cancer and the advanced age of most affected patients. Development of new therapeutic agents has been stalled by the lack of a viable therapeutic target on the plasma membrane of prostate cancer cells. A potential therapeutic target is the LH-RH receptor. Recent studies have shown that LH-RH receptors are expressed on a variety of human cancer cells, including ovarian (10), endometrial (11), pancreatic (12), rectal (13) , renal (14) , bladder (15) , and breast cancer cells (16) . Several groups have also shown LH-RH receptor expression with fairly high prevalence in prostate cancer cells. In treatment-naïve specimens, the presence of these receptors has been documented using reverse transcriptase-PCR (17), ligand binding assays (18) , and immunohistochemistry (19) . Their strong expression on prostate cancer cells relative to normal tissue makes the LH-RH receptor an attractive candidate for targeted therapy, but the expression profile of these receptors needs to be clearly defined, particularly in the castration-resistant phenotype following prolonged exposure to LH-RH agonists.
The current treatment algorithm for advanced prostate cancer relies heavily on LH-RH agonists, and it is well established that their use results in downregulation of pituitary LH-RH receptors. The effect of these agents on Fig. 2 . LH-RH receptor expression as detected by immunohistochemistry in four separate patient cohorts. Y-axis, percentage of the cohort showing each level of expression on the X-axis: Negative, no staining; 1+, weak intensity staining; 2+, moderate intensity staining; 3+, strong intensity staining. In all cohorts, LH-RH receptor was expressed with high prevalence and the majority of samples showed moderate to strong intensity staining. A, specimens obtained from 47 patients with localized prostate cancer that had received no systemic therapy prior to surgical resection. B, specimens obtained from 61 patients with localized prostate cancer treated with neoadjuvant LH-RH agonist therapy prior to surgical resection. C, specimens obtained from 15 patients with metastatic CRPC treated with orchiectomy prior to palliative surgical resection. D, specimens obtained from 7 patients with metastatic CRPC treated with LH-RH agonist therapy prior to palliative surgical resection. tumoral LH-RH receptors has not previously been described. Straub et al. analyzed LH-RH receptor expression in men with CRPC following surgical castration and antiandrogen therapy (9) . LH-RH receptor mRNA was detected in 16 of the 18 samples (88.9%), suggesting persistent LH-RH receptor expression in CRPC. This does not, however, address the question of receptor downregulation, as shown for the pituitary LH-RH receptors. For the proper clinical advancement, tumoral LH-RH receptor expression following prolonged LH-RH agonist therapy must be characterized. One challenge is to obtain appropriate tissue for analysis, as biopsy and resection are not typically done in patients with CRPC after LH-RH agonist therapy. One important exception is palliative resection for obstructive symptoms, and we analyzed 22 such specimens. All samples displayed some degree of LH-RH receptor expression, including the specimens from 7 patients treated with LH-RH agonists. These findings were consistent with LH-RH expression patterns in a separate, unique cohort. This group of 61 patients was treated with neoadjuvant LH-RH agonists prior to curative resection. In this setting, LH-RH receptors were noted in most of the specimens. Together, the data indicate that LH-RH receptors are not downregulated following exposure to LH-RH agonists.
Additional studies revealed LH-RH receptor expression in metastases of prostate cancer. An early study noted LH-RH receptor gene mRNA in only a quarter (25.9%) of lymph node metastases of prostate cancer (20) . This low number may reflect the study's criteria of metastasis, which included expression of prostate specific antigen (PSA) mRNA without histopathologic confirmation. In addition, RT-PCR was done using RNA obtained from lymph nodes and not specifically from tumor cells. Our suspicion was that LH-RH receptor expression was prevalent in prostate cancer metastases, perhaps indicating a role in tumor growth or survival. In immunohistochemical analysis of 10 lymph node metastases, all samples showed moderate to strong expression of LH-RH receptors.
The precise role of LH-RH receptors in prostate cancer is not fully understood. Their presence on several, very different malignancies might suggest an important role in carcinogenesis, but these data do not speculate on the function of these receptors. In addition, the correlation between LH-RH receptor mRNA and Gleason score is hypothesis generating and supports a functional role for these receptors. The precise function of the LH-RH receptor is unclear, but its presence alone has provided the rationale for the design and synthesis of cytotoxic LH-RH conjugates consisting of analogs of LH-RH as carrier molecules linked to cytotoxic agents (21) . These targeted agents do not rely on the function of the LH-RH receptor. They exploit the presence of LH-RH receptors on the plasma membranes of various tumors and, through internalization, introduce the cytotoxic molecule. Several compounds have been developed and have shown significant antitumor effect (22) . A targeted cytotoxic analog of LH-RH containing doxorubicin conjugated to [D-Lys] (6) LH-RH is now available and has been used clinically in women with gynecologic cancers expressing LH-RH receptors (23) . Our findings support the concept of targeting a therapy based on cytotoxic LH-RH analogs to LH-RH receptors on prostate cancers, even after prolonged LH-RH agonist therapy.
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